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Regulation of Hair Shedding by the Type 3 IP3
Receptor
Mai Sato-Miyaoka1,5, Chihiro Hisatsune2,5, Etsuko Ebisui2, Naoko Ogawa2, Hiromi Takahashi-Iwanaga3
and Katsuhiko Mikoshiba2,4
Here we showed that the type 3 IP3 receptor (IP3R3) is specifically expressed in hair follicles of the skin and plays
an important role in the regulation of the hair cycle. We found that IP3R3-deficient (Itpr3
/) mice had
prominent alopecia, which was characterized by repeated hair loss and regrowth. The alopecic stripe runs along
the body axis like a wave, suggesting disturbed hair-cycle regulation. Indeed, the hair follicles of the alopecic
region were in the early anagen stage. Although the hair growth and proliferation activity of the hair matrix cells
in the anagen phase were normal in Itpr3/ mice, telogen club hairs in the telogen–anagen transition phase
were loosely attached to the hair follicles and were easily removed in contrast to the more tightly attached
club hairs of Itpr3þ /þ mice. Itpr3/ keratinocytes surrounding the telogen club hairs have sparse cytokeratin
filaments extending in random directions, as well as less developed desmosomes. Furthermore, nuclear factor
of activated T cells c1 (NFATc1) failed to translocate into the nucleus of keratin 6–positive bulge cells in Itpr3/
telogen follicles. We propose that hair shedding is actively controlled by the IP3R3/NFAT-dependent signaling
pathway, possibly through the regulation of cytokeratin filaments in keratinocytes.
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INTRODUCTION
IP3 receptors (IP3Rs) are intracellular Ca
2þ channels localized
at the endoplasmic reticulum, which release Ca2þ in response
to various external stimuli (Furuichi et al., 1989; Berridge
et al., 2003). Mammalian IP3Rs have three subtypes that are
derived from three distinct genes (Furuichi et al., 1994; Stenn
and Paus, 2001). Each IP3R subtype has a different expression
pattern in vivo. Type 1 IP3R (IP3R1) is mainly expressed in
brain tissue and plays essential roles in the regulation of motor
and learning systems (Matsumoto et al., 1996; Inoue et al.,
1998; Nishiyama et al., 2000) and neural development
(Hisatsune et al., 2006). In contrast, type 2 (IP3R2) and type
3 (IP3R3) are broadly expressed in various tissues (Fujino et al.,
1995), and mice lacking IP3R2 and IP3R3 (Itpr2
/ and Itpr3/
) demonstrated severe exocrine dysfunction (Futatsugi et al.,
2005; Fukuda et al., 2008). However, despite the broad
expression of IP3R2 and IP3R3 in various tissues other than the
pancreas and salivary glands, the physiological importance of
these two IP3R subtypes in other tissues has not been well
characterized, except that Itpr3/ mice display abnormal
taste perception (Hisatsune et al., 2007) and that Itpr2/ mice
show a deficit of cortical plasticity due to a lack of Ca2þ
elevation in astrocytes (Takata et al., 2011), although it is still
controversial (Agulhon et al., 2010).
A mammalian hair follicle develops from the embryonic
epidermis as an appendage of the skin (Stenn and Paus,
2001). It has a complex structure comprising an outer root
sheath (ORS), inner root sheath (IRS), and hair shaft. The hair
follicle undergoes repeated periodic hair cycles consisting of
growth (anagen), regression (catagen), and rest (telogen)
phases throughout the life of mammals. In the anagen phase,
hair matrix cells, which consist of undifferentiated cells from
the proximal region of the hair follicle, are induced to
proliferate by a variety of signals from the dermal papilla.
These cells differentiate into the hair shaft and IRS. In the
catagen phase, hair matrix cells stop proliferating and the hair
follicle regresses in a distal direction. The telogen phase is the
resting stage of the hair follicle, in which a club hair is
enclosed by a double layer of keratinocytes representing the
ORS. In addition to these stages, the process of hair shedding
was recently termed as the exogen phase. Because hair
shedding occurs at different time points during the hair cycle,
depending on the hair follicle type and species, the hair
shedding process is thought to be independently regulated
from the hair cycle of the follicle (Higgins et al., 2009).
Although the cell–cell adhesion protein desmoglein-3 (Dsg3)
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is involved in the adhesion of club hairs in the telogen phase
(Koch et al., 1998), the molecular mechanism that regulates
the adhesion and shedding of club hairs is largely unknown.
In this study, we identified a previously unreported role for
IP3R3 in the regulation of the hair cycle. We found that IP3R3
was expressed in a subtype-specific manner in hair follicles
and that Itpr3/ mice displayed prominent alopecia. Our
data suggest that the IP3R3/Ca
2þ -NFAT signaling pathway in
bulge cells surrounding club fibers actively maintains telogen
club hairs, possibly through the regulation of cytoskeletal
arrangements within keratin 6 (K6)–positive bulge cells.
RESULTS
Subtype-specific expression of IP3R3 in the skin
We determined the subtypes of IP3Rs expressed in the back
skin of wild-type mice (Itpr3þ /þ ) using in situ hybridization
analysis. Although the signals for Itpr1 and Itpr2 mRNA were
rarely detected in hair follicles, Itpr3 mRNA was strongly
detected in hair shafts and hair follicles (Figure 1a and b). No
signal was detected with sense probes. We further examined
the expression of Itpr3 mRNA in hair follicles at each stage of
the hair cycle. In the anagen phase, strong signals for Itpr3
mRNA were detected in the hair matrix cells, IRS, and ORS of
the hair follicle (Figure 1b). In contrast, weak signals for Itpr3
mRNA were detected in dermal papilla cells. In catagen and
telogen hair follicles, the intensity of the Itpr3 mRNA signal
became much weaker, but was specifically detected in the
cells surrounding club hairs (Figure 1c and d).
We also examined the expression level of IP3Rs in the
lysates of primary mouse keratinocytes, a well-known in vitro
model system of the skin, using western blotting. To compare
the intensity of the signals detected with the different
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Figure 1. Expression of each type 3 IP3 receptor (IP3R) subtype in the skin. (a) In situ hybridization with probes for each subtype of IP3R using the back skin of
wild-type mice at P14. Bar¼25 mm. (b–e) IP3R3 mRNA expression at each stage of the hair cycle in wild-type mouse skin. (b) Anagen (P30), the middle panel
shows the magnified image of the box in the left panel, (c) catagen (P18), (d) telogen (P22), the right panel shows the magnified image of the left panel.
Bars¼ 25 mm. (e) Immunoblot analysis of primary mouse keratinocyte lysates. K: Itpr3þ /þ keratinocyte lysate; S1, S2, and S3: the microsomal fraction from Sf-9
cells overexpressing IP3R1, IP3R2, and IP3R3, respectively (20 ng per lane). (f) Immunoblot analysis of Itpr3
þ /þ or Itpr3/ keratinocyte lysates using an
anti-pan-IP3R antibody. Keratin 5 was used as the loading control. (g–i) Immunohistochemistry of IP3R3 protein expression in wild-type mouse skin at the anagen
(g), catagen (h), and telogen (i) stages. Each panel indicates IP3R3 (red), 4
0-6-diamidino-2-phenylindole (DAPI; blue), differential interference contrast
(DIC) image, and the merged image, respectively. Bar¼20 mm. (j) Immunohistochemistry of IP3R3 (red), keratin 6 (green), DAPI (blue), and the merged image
at a telogen hair follicle. Bar¼ 20 mm.
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antibodies, equal amounts of microsomal fractions from Sf9
cells overexpressing each IP3R subtype were loaded as an
internal control (Figure 1e, top panel). On probing the
membrane for the keratinocyte lysates with isoform-specific
antibodies, we detected the immunosignal for IP3R3, but not
IP3R1 or IP3R2. Because the IP3R1- and IP3R2-specific
antibodies detected the expression of IP3R1 and IP3R2 in
the Sf9 cell lysates, we deduced that Itpr3þ /þ keratinocytes
exclusively expressed IP3R3 (Figure 1f). Consistently, the
expression of IP3Rs was completely absent in the whole-cell
lysate of IP3R3
/ keratinocytes (Figure 1f). These results
suggested that keratinocytes predominantly express IP3R3
in vitro and in vivo.
Accumulation of IP3R3 at the apical side of the K6-positive
bulge cells in telogen follicles
We next examined the protein level and intracellular
localization of IP3R3 at each stage of the hair cycle using
immunohistochemical analysis. We found that the immuno-
signal for IP3R3 was diffusely detected within the hair matrix
cells, IRS, and ORS of the anagen hair follicles in the back
skin of control Itpr3þ /þ mice (Figure 1g). In the catagen hair
follicles, the IP3R3 signal became localized to the interface
between the hair club and the surrounding innermost layer
of bulge cells (Figure 1h, arrowhead) and completely
surrounded the club hair in the telogen follicle (Figure 1i,
arrowhead). Intense IP3R3 signals localized to the apical side
of the innermost layer of K6-positive bulge cells (Figure 1j,
arrowhead) where the bulge cells made contact with the club
hair. The IP3R3 signals in the apical portion of the bulge
cells were not detected in back skin samples from Itpr3/
mice, confirming the specificity of the IP3R3 immunosignal
(Supplementary Figure S1 online).
Hair cycle–dependent alopecia in Itpr3/ mice
In Itpr3/mice and their wild-type littermates, hair appeared
at the same time after birth, indicating that hair morphogen-
esis was normal in Itpr3/ mice. For mice younger than 8
weeks of age, no large differences in hair appearance were
found between Itpr3þ /þ and Itpr3/ mice, except that the
hair of Itpr3/mice had a rather disheveled appearance after
approximately 5 weeks (Figure 2a). Because the structure of
the hair was comparable between Itpr3þ /þ and Itpr3/
mice (Figure 2b), its disheveled appearance in Itpr3/ mice
was probably due to the hair detaching without shedding.
However, at the age of 8 weeks, Itpr3/ mice (n¼ 5 out of 7)
lost their coat over the entire back area (Figure 2c). This
alopecia was observed for males and females, and the age at
which the hair shedding occurred was highly reproducible.
No Itpr3þ /þ littermates (n¼ 6) showed such alopecia at this
age (Figure 2c). This hair loss was followed by regrowth, and
the hair shedding and growth cycles were repeated, with the
next incidence of hair loss at the age of 12 weeks. The back
skin of Itpr3/ mice older than 12 weeks exhibited more
localized alopecia, resulting in a striped pattern (Figure 2d).
Judging from the alopecic pattern observed in Itpr3/
mice, hair loss was expected to occur in a hair cycle–depen-
dent manner. Therefore, we next investigated the stage of the
hair cycle at which alopecia occurred using adult Itpr3/
mice older than 12 weeks, because hair cycle progression
becomes asynchronous and the hair cycle at this age includes
all phases of the hair cycle in the back skin of rodents
(Durward and Rudall, 1949; Plikus and Chuong, 2008; Plikus
et al., 2008, 2011).
As the anagen and telogen regions of the dermal skin
surface appear black and white, respectively, we first
compared the dermal skin surface with the epidermal skin
5-Week-old
8-Week-old
Inner side Inner
side
Outer side
Outer
side
12-Week-old skin
12-Week-old skin 6-Month-old
1
1
2
2
3
3
Magnified image
R C
Itpr3 +/+
Itpr3 +/+ Itpr3 +/+ Itpr3 +/+
Itpr3 –/–
Itpr3 –/– Itpr3 –/– Itpr3 –/–
R C
6-Month-old
Figure 2. Hair cycle–dependent alopecia in Itpr3/ mice. (a) Lateral view of 5-week-old Itpr3þ /þ and Itpr3/ mice. (b) Hair morphology of Itpr3þ /þ
and Itpr3/ mice. Bar¼ 50 mm. (c, d) Dorsal views of 8-week-old (c) and 6-month-old (d) Itpr3þ /þ and Itpr3/ mice, respectively. (e) Itpr3/ mouse skin
as viewed in the outer and inner aspects. C, caudal; R, cranial. (f) High-magnification images presenting the outer and inner sides of Itpr3/ mouse skin. The
red line indicates the border of the bald region at the most cranial part. (g) Hematoxylin and eosin-stained sagittal sections of back skin from 6-month-old
Itpr3/ mice. High magnification of the cranial (panel 1), middle (panel 2), and caudal (panel 3) parts of the alopecic region corresponding to each box of the
mouse skin stripe are shown. Bars represent 250 mm (upper panel), 1mm (middle panel), and 10mm (bottom panel).
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surface of 12-week-old Itpr3/ mice, which indicates the
hair cycle stage corresponding to the bald region. We found
that the anagen region was localized only to a cranial part of
the bald region in Itpr3/ mice (Figure 2e). There were hairs
in the posterior and middle part of the putative telogen
region, whereas none were observed in the cranial part
(Figure 2e). High magnification of the outer and the inner
aspects of the removed skin at the edge of the bald region
revealed that it overlapped with the most caudal part of the
anagen region (Figure 2f).
To further determine the precise relationship between the
bald region and the hair cycle in Itpr3/ mice, we made skin
sections and checked the stage of the hair cycle correspond-
ing to the bald region (Figure 2g). We confirmed that the bald
region of Itpr3/ adult mice corresponded to the early
anagen phase (Figure 2g, image 2). Hair clubs were observed
in the telogen region depicted in image 3 of Figure 2g. No
bald regions were observed in which the next anagen phase
had not started. These results suggested that a defect of IP3R3
signaling during the telogen–anagen transition phase was
responsible for the alopecia in Itpr3/ mice.
Normal anagen hair growth in Itpr3/ mice
To examine the possible involvement of dysfunction in
anagen hair growth in the alopecia of Itpr3/ mice, we
compared hair matrix proliferation and hair growth activity
between Itpr3þ /þ and Itpr3/ littermates. Because hair
matrix cells proliferate to differentiate into the hair shaft and
the IRS, abnormalities in these cells would be expected to
affect anagen progression. Proliferating hair matrix cells in
Itpr3þ /þ and Itpr3/ skin at postnatal day 30 (P30) were
labeled with BrdU (Figure 3a). Itpr3þ /þ and Itpr3/ hair
bulbs were found to incorporate a comparable number of
BrdU labels (Itpr3þ /þ : 39.7±1.2, Itpr3/: 38.4±0.9,
P¼0.20), indicating that the hair matrix cells proliferate
normally in Itpr3/ mice.
We also measured the length of the back skin hair of
12-week-old Itpr3þ /þ and Itpr3/ mice because hair length
reflects the activity of the anagen phase. Mouse back skin has
four different types of hair: ‘‘awl,’’ ‘‘auchene,’’ ‘‘zigzag,’’ and
‘‘guard.’’ We measured the length of each hair type
separately. None of these hair types had lengths significantly
different from any of the others (Figure 3b). We also checked
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Figure 3. Normal anagen hair growth but loose anchorage of telogen club hairs in the early anagen stage of Itpr3/ mice. (a) BrdU staining using Itpr3þ /þ
and Itpr3/ mice at P30. (Left panel) Proliferating hair matrix cells in Itpr3þ /þ and Itpr3/ skin were marked with BrdU. Bar¼ 5 mm. (Right panel) BrdU-
incorporating cells per hair follicle. N indicates the number of hair follicles examined. Itpr3þ /þ : 39.7±1.2, Itpr3/: 38.4±0.9 (mean±SE), P¼ 0.20. (b) Hair
length of 12-week-old Itpr3þ /þ and Itpr3/ littermates. Guard hair (Itpr3þ /þ : 8.95±0.20, Itpr3/: 9.28±0.10), awl hair (Itpr3þ /þ : 6.85±0.06, Itpr3/:
6.84±0.05), auchene hair (Itpr3þ /þ : 6.90±0.06, Itpr3/: 6.81±0.05), and zigzag hair (Itpr3þ /þ : 5.99±0.07, Itpr3/: 6.05±0.05). Mean±SE. (c) Hair-pull
test on Itpr3þ /þ and Itpr3/ mice of various ages. (d) Hair root morphology of Itpr3/ mice. NS, not significant.
Figure 4. Increased proportion of hair follicles in the anagen phase in Itpr3/ mice. (a) Hair cycle of Itpr3þ /þ and Itpr3/ back skin. Hematoxylin and
eosin (H&E) staining of skin from Itpr3þ /þ and Itpr3/ mice of various ages. Bar¼ 1.0mm. (b) Representative telogen (including catagen) and anagen regions
in the H&E-stained sagittal sections of skin stripes from 12-month-old Itpr3þ /þ and Itpr3/ mice. The anagen phase is depicted by A in red, and T indicates
the telogen phase. (c) The proportion of each phase of the hair cycle over the entire back skin (mm/mm) of Itpr3þ /þ and Itpr3/ mice was examined by
measuring the length of the H&E-stained sagittal sections. White bar: the proportion of hair follicles in the telogen phase; black bar: the proportion of hair
follicles in the anagen (including catagen) phase. Each bar represents the data from individual mouse. Itpr3þ /þ , Itpr3/: both n¼4.
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the hair length of 8-week-old mice, i.e., the age at which
Itpr3/ mice begin to lose their hair. The result was the
same as that observed for the 12-week-old mice (data not
shown). Taken together, these results suggest that Itpr3/
alopecia is not derived from an abnormality of hair in the
anagen phase.
Loose anchorage of telogen club hairs in the early anagen
stage of Itpr3/ mice
To check the hair mooring in each stage of the hair cycle, we
next performed hair-pull tests on the skin of Itpr3/ mice of
various ages (Figure 3c; Koch et al., 1998). No difference in
hair mooring was observed between Itpr3/ and Itpr3þ /þ
mouse skin at the anagen (P14), catagen (P18), and telogen
(P22) stages of the hair cycle. In contrast, we observed
more loosely anchored hair just after entry into the second
anagen phase in Itpr3/mice than in Itpr3þ /þ mice; clumps
of hair were removed from Itpr3/ mice at P27 and P32,
whereas only a few hairs were removed from Itpr3þ /þ
mice (Figure 3c). This was not due to the presence of broken
hair shafts because the removed hairs had hair roots (Figure
3d). These results suggest that the Itpr3/ alopecic pheno-
type is not attributable to a lack of molecular or cellular
assemblies to generate an anchor for club hairs at the
telogen stage, but due to defects in the mechanism for the
maturation and maintenance of the anchorage in the early
anagen stage.
Itpr3/ mice display an abnormally increased proportion
of hair follicles in the anagen phase
To further analyze the precise relationship between alopecia
and the hair cycle, back skin samples from Itpr3þ /þ and
Itpr3/ mice were obtained at P14 (first anagen), P18 (first
catagen), P23 (first telogen), P27 (transition to second
anagen), P30 (second anagen), P38 (second catagen), P44
(second telogen), and P56 (the point at which Itpr3/ mice
began to lose their hair) and were subjected to hematoxylin
and eosin staining (Figure 4a). In Itpr3/ mice, the hair cycle
from P14 to P44 was found to be similar to that of Itpr3þ /þ
mice. Interestingly, at P56, when Itpr3/ mice showed
alopecia, their hair follicles had already proceeded to the
third anagen phase (n¼5/7), whereas none of the Itpr3þ /þ
mice were in the third anagen phase (n¼0/6). We also
examined the proportions of hair follicles in the anagen and
telogen phases over the entire back skin of Itpr3þ /þ and
Itpr3/mice at the age of 1 year. At this age, the hair cycle of
the back skin follicles was no longer synchronous. For
convenience, we combined the catagen and anagen phases
because the catagen phase was too short to be measured
separately. We found that the proportion of hair follicles in
the anagen phase was significantly higher in Itpr3/ mice
than in the Itpr3þ /þ mice (Figure 4b and c). A similar
increased proportion of hair follicles in the anagen phase was
also observed in 6-month-old Itpr3/ mice as compared
with Itpr3þ /þ mice (data not shown). Although Itpr3/ mice
display cyclic alopecia, they did not exhibit any epidermal
abnormalities (Figure 4a).
Abnormal cytoskeletal alignments in keratinocytes of
Itpr3/ telogen hair follicles
To gain further insight into the mechanism that produces
cyclic alopecia in Itpr3/ mice, we performed electron
microscopy analysis. In scanning electron microscopy (SEM)
observation of wild-type mice at P35, each hair canal
simultaneously contained the shaft of a second anagen hair
and the base of a club hair produced in the first hair cycle
(Figure 5a). The latter was thinner than the former, and was
characterized by serrated surfaces due to protruded margins
of cuticular scales, which was in accordance with previous
reports (Dry, 1926). Using transmission electron microscope,
it was observed that these fine remnant hairs extended
keratinized rootlets from their terminal club at the level of the
sebaceous gland in the hair follicle (Figure 5b) to interdigitate
with surrounding keratinocytes via the rootlets (Figure 5c).
The keratinocytes contained thick bundles of cytokeratin
filaments that were oriented radially around the club hair
terminal and tightly linked to the rootlets, as well as to the
cells in the underlying ORS through large desmosomes. SEM
of the skin of Itpr3/ mice at P35 demonstrated growing hair
shafts and their companion club hair bases, both of which are
morphologically comparable to those in the skin of wild-type
mice (Figure 5d and e). However, in the knockout mice,
the serrated club hairs were markedly reduced in number.
Keratinocytes surrounding these occasional club hairs dis-
played only sparse cytokeratin filaments that extended in
random directions (Figure 5f). The desmosomes of these cells
were smaller and disposed at larger intervals along the cell
surface as compared with the wild-type keratinocytes. These
results suggest that abnormal arrangements of cytoskeletal
components within the keratinocytes of hair follicles may
underlie the cyclic alopecia in Itpr3/ mice.
To further confirm the cytokeratin filament abnormalities
in Itpr3/ mice, we compared the K6 signals in Itpr3/
telogen follicles with those in Itpr3þ /þ telogen follicles. As
shown in Figure 6a, K6 signals were detected in Itpr3/
telogen follicles at a level comparable to that of Itpr3þ /þ
telogen follicles at P22. However, although K6-positive
Itpr3þ /þ bulge cells had a regular cubic-like shape,
Itpr3/ K6-positive bulge cells had an irregular shape (Figure
6a, arrows). More strikingly, the K6 signals of Itpr3/ telogen
follicles became significantly weak at the subsequent anagen
phase (P27) compared with those of the Itpr3þ /þ follicles
(Figure 6b). Taken together, these results suggest that
disorganization of cytoskeletal components within the K6-
positive bulge cells has a great impact on the anchorage of
the club hairs, leading to alopecic episodes that specifically
occur in the early anagen phase.
Defect of nuclear factor of activated T cells c1 (NFATc1)
activation in the K6-positive bulge cells in telogen
follicles of Itpr3/ mice
To date, cyclic alopecia, like the alopecia observed in
Itpr3/ mice, has been reported for only five other knockout
mouse models: desmosomal protein Dsg3 (Koch et al., 1998),
lysosomal protein cathepsin-L (Roth et al., 2000), homeobox
protein Msx-2 (Ma et al., 2003), ORAI1 (Gwack et al., 2008),
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and keratinocyte-specific calcineurin B1 (CnB1; Mammucari
et al., 2005) knockout mice. In particular, CnB1 and ORAI1
are known to be downstream effectors of IP3Rs in several
types of cells and are important for the efficient activation of
the NFAT transcription factor (Oh-hora and Rao, 2008;
Kuroda et al., 2008; Uchida et al., 2010). As NFAT
translocates into the nucleus from the cytosol when depho-
sphorylated and activated by Ca2þ /calcineurin and the
telogen hairs of NFATc1-null embryonic skin, which was
grafted on Nude mice shed off during telogen–anagen
transition (Horsley et al., 2008), we examined whether the
defect of IP3R3-mediated Ca
2þ signaling affects NFATc1
activity in the K6-positive bulge cells surrounding telogen
club hairs using immunohistochemistry. As shown in Figure
6c, we found that NFATc1 was detected in the nucleus
of Itpr3þ /þ K6-positive bulge cells of telogen follicles. In
contrast, NFATc1 failed to translocate into the nucleus and
was detected only in the cytosol of Itpr3/ bulge cells. Co-
expression of NFATc1 and IP3R3 was confirmed in Itpr3
þ /þ
bulge cells of telogen follicles (Figure 6d). We also examined
the expression levels of Dsg3, cathepsin-L, and Msx-2 in
Itpr3/ telogen follicles and performed TUNEL staining,
but did not find significant differences in their expression
between Itpr3þ /þ and Itpr3/ mice (data not shown).
Judging from the similarity in the cyclic alopecia phenotype
between Itpr3/ and keratinocyte-specific CnB1 knockout
mice, these data suggested that the aberrant activation of
NFAT in the K6-positive bulge cells in telogen follicles was a
cause of the cyclic alopecia in Itpr3/ mice.
DISCUSSION
In the present study, we demonstrated that deletion of IP3R3
produces cyclic alopecia. This alopecia was specific to
Itpr3/ mice and was not observed in Itpr1/ or Itpr2/
mice. Consistently, IP3R3 was profoundly expressed in the
keratinocytes of hair follicles in a subtype-specific manner.
The IP3R3 immunosignals were diffusely observed in the
ORS, IRS, and hair matrix cells at the anagen stage, but
became highly localized to the apical side of the innermost
K6-positive bulge cells surrounding the hair shaft at the
telogen stage. Whereas no abnormal growth or differentiation
of anagen hair was observed in Itpr3/ mice, the loose
anchorage of telogen hair clubs occurred specifically in the
telogen–anagen transition stage in these mice. Abnormal
cytoskeletal components were observed in Itpr3/ K6-
positive bulge cells surrounding telogen club hairs at the
early anagen stage. Moreover, we found a defect in the
nuclear translocation of NFATc1 in the K6-positive bulge
cells in the telogen follicles of Itpr3/ mice. These results
suggested that IP3R3-mediated Ca
2þ signaling at the apical
side of the K6-positive bulge cells and the subsequent
induction of NFAT target genes are necessary for the long-
lasting maintenance of telogen hair club mooring. As the
cytosolic Ca2þ concentration affects desmosome assembly
through the regulation of Dsc3 binding to PKP and Dsg3 by
phosphorylation (Aoyama et al., 2009) and IP3R3 signals
co-localize with Dsc3 (Supplementary Figure S2 online),
localized Ca2þ signals through IP3R3 may also regulate the
assembly of desmosome proteins, and its dysregulation might
result in the abnormal cytoskeletal components observed in
the K6-positive bulge cells surrounding the telogen club hairs
of Itpr3/ mice.
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Figure 5. Cytoskeletal disarrangement in Itpr3/ telogen hair follicles.
(a) Scanning electron microscopy (SEM) of the back skin from a wild-type
mouse at P35. Many fine telogen hair bases covered by a serrated cuticle
(asterisks) intermingle with thicker anagen hair shafts coated with a smooth
cuticle. The anagen and telogen phase hairs of the same hair type frequently
share a hair canal (HC; arrows). (b) Transmission electron microscopy (TEM)
of a normal hair follicle. A guard hair shaft is removed from a HC. Asterisk,
hair club; S, sebaceous gland. (c) Close-up of the box in b. Arrows,
desmosomes. Arrowheads, cytokeratin bundles. (d) SEM of the back skin from
an Itpr3/ mouse at P35. Fine club hair bases occur only occasionally
(asterisks). The thick arrows indicate HCs occupied by single anagen hair
shafts, and the thin arrow indicates a HC shared by an anagen hair and a
retained telogen hair. (e) TEM of a hair follicle from a knockout mouse.
(f) Close-up of the box in e. Arrows, desmosomes; arrowheads, cytokeratin
filaments. Bars¼ 50 mm for (a, d); 5 mm for (b, e); and 200 nm for (c, f).
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Although Itpr3/mice displayed cyclic alopecia, they did
not exhibit any significant epidermal abnormalities. This is
probably due to the redundant effects of the other forms of
IP3R, particularly IP3R2. Although we could not detect the
expression of other forms of IP3R in cultured keratinocytes,
the in vitro and in vivo conditions of keratinocytes probably
differed, thereby affecting the expression levels of IP3R1 and
IP3R2 in cultured keratinocytes. Indeed, we detected weak
Itpr2mRNA signals in the ORS (Figure 1a) and found a severe
morphological change in the epidermis of mice lacking both
IP3R2 and IP3R3 (Hisatsune, unpublished observation). It is
also possible that the highly localized Ca2þ increase through
the accumulated IP3R3 at the apical side of the K6-positive
bulge cells surrounding the telogen club hairs is specifically
required for the mooring of telogen hairs.
Although we could not determine the precise mechanism
of hair shedding in Itpr3/ mice because of the limited
temporal and spatial resolution of immunohistochemical
analysis, there are at least two potential mechanisms
explaining the cyclic alopecia of Itpr3/ mice. The first is
the induction of club hair shedding during telogen–anagen
transition; the anagen initiation event within the bulge (such
as a proliferative burst of bulge cells) may affect IP3R3-
mediated signaling in K6-positive bulge cells, which may be
required to maintain the anchorage of the telogen hair club
cells. This is an attractive hypothesis, but it remains unknown
why Itpr3/ mice had an increased population of anagen
hair follicles. The hair follicles in the back skin of Itpr3/
mice proceeded to the third anagen phase at the age of 8
weeks, at which time the alopecia became apparent, whereas
the hair follicles of Itpr3þ /þ mice remained in the second
telogen phase. Similarly, at the age of 1 year, the proportion
of anagen hair follicles in the back skin was significantly
higher in IP3R3
/ mice than in their Itpr3þ /þ littermates.
Thus, in this hypothesis, IP3R3 signaling must affect anagen
initiation and the maintenance of telogen club hairs. The
variation in the hair cycle stage during hair shedding of
various hair follicle types and species also contradicts this
theory (Higgins et al., 2009).
Another possibility is that club hair shedding simply
precedes the telogen–anagen transition; a defect in IP3R3-
mediated signaling results in the early entry into the exogen
phase, which may trigger anagen reentry. In Itpr3/ mice,
the first telogen hairs became loosely attached at approxi-
mately 2.5 weeks after the first catagen phase, and interest-
ingly shedding of the secondary club hairs also occurred at a
similar interval after the second catagen phase (Figure 6e).
Thus, IP3R3-mediated arrangement of the cytoskeleton,
possibly involving the induction of cytoskeletal proteins by
NFAT, might be necessary to maintain telogen club hairs
beyond 2.5 weeks, and the loss of signaling may lead to
premature entry into the exogen stage. This hypothesis seems
to be inconsistent with a previous report in which hair
shedding due to a defect of club hair maintenance in other
mice, e.g., Dsg3/ mice, does not directly stimulate
precocious reentry into the anagen stage. However, because
Itpr3/ mice had telogen club hairs during the telogen stage
and hair shedding in these mice occurred at a stage different
from that in the Dsg3/ mice, early entry into the exogen
stage with clumps of hair shedding in Itpr3/ mice may be
able to induce entry into the anagen stage by an unknown
mechanism. Indeed, it was recently reported that ablation of
K6-positive bulge cells in telogen follicles lead to early
anagen entry because of lack of inhibitory signal of Fgf18
signal from K6-positive bulge cells on stem cells (Hsu et al.,
2011). Hair shedding is regulated by various signaling
pathways (Milner et al., 2002). The identification of an
agonist and its receptor, which would trigger Ca2þ release
via IP3R3, target genes of NFAT-mediated transcription in the
K6-positive bulge cells of telogen follicles, and the molecular
mechanism of IP3R3-mediated telogen hair shedding are
important issues to be investigated in a future study.
MATERIALS AND METHODS
Mice
The Itpr3/ mice were obtained from mating of Itpr3þ / hetero-
zygotes (Futatsugi et al., 2005). All skin biopsies were matched for
age and body sites. Animal studies were approved by the RIKEN
Brain Science Institute committee, and all animals were ethically
treated according to the guidelines of the Animal Experiments
Committee of RIKEN Brain Science Institute.
Cell culture
Murine primary keratinocytes were isolated from newborn Itpr3þ /þ
or Itpr3/ mice. Skin samples were incubated in 0.25% trypsin-
EDTA (Gibco Life Technologies, Tokyo, Japan) at 4 1C for 8 hours.
After incubation in trypsin, the epidermal layers were separated from
the dermis and transferred into tubes containing the Defined
Keratinocyte-SFM (Gibco Life Technologies) supplemented with
10% chelex-treated fetal bovine serum. Primary cells were plated at
a density of 1 106 cells per 60mm in culture medium contained in
dishes coated with collagen I (Sigma, St Louis, MO) and fibronectin
(Sigma).
In situ hybridization
In situ hybridization was performed on the 16-mm-thick cryosections
of the back skin of P14 mice. The probes used were DIG-labeled
(Roche Diagnostics, Tokyo, Japan), antisense transcripts of mouse
Figure 6. Abnormal keratin 6 (K6)–positive bulge cells surrounding telogen club hairs in Itpr3/ mice. (a) Immunohistochemistry of K6 in the follicles of
Itpr3þ /þ and Itpr3/ mice at the telogen stage (P22). K6 (red), 40-6-diamidino-2-phenylindole (DAPI; blue). Bar¼ 20 mm. (b) Immunohistochemistry of K6
in the telogen follicles of Itpr3þ /þ and Itpr3/mice at the anagen stage (P27). K6 (red), DAPI (blue). Bar¼ 20mm. (c) Localization of nuclear factor of activated
T cells c1 (NFATc1) in the bulge cells surrounding a telogen hair club (P22) in Itpr3þ /þ and Itpr3/ mice. NFATc1 (red), DAPI (blue). Bar¼20 mm.
(d) Co-expression of type 3 IP3 receptor (IP3R3) and NFATc1 in the bulge cells of the telogen follicles in P22 Itpr3
þ /þ mice. Bar¼ 10mm. (e) Scheme of alopecia
in Itpr3/ mice. In Itpr3þ /þ mice the hair in the second telogen phase remains attached to the follicles at P56, whereas in Itpr3/ mice the hair in the
telogen phase is lost and the hair follicles have already proceeded to the third anagen phase.
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cDNAs of Itpr1 (nucleotide 8572-9090, NM010585), Itpr2 (nucleo-
tide 8144-8347, NM019923), and Itpr3 (nucleotide 8097-8360,
NM080553). The DIG-label was detected by an anti-DIG antibody
coupled to alkaline phosphatase (Roche Diagnostics).
Immunohistochemistry
Immunohistochemistry was performed on the 5-mm-thick paraffin
sections, which were treated in 0.2% triton/phosphate-buffered
saline (PBS) for 5minutes, boiled 10mM sodium citrate (pH¼ 6.0) for
10minutes, and treated with methanol at 20 1C for 30minutes.
After blocking with 3% skim milk and 1% goat serum in PBS for
1 hour, sections were incubated with the rabbit polyclonal anti-
IP3R3 antibody (rabbit, 0.8 mgml
1, raised to the luminal region of
IP3R3 (amino acids 2,391–2,462, BD90683)) for 1.5 hours at room
temperature. For staining of NFATc1, the section was probed with a
mouse mAb for NFATc1 (7A6; Santa Cruz Biotechnology, Santa
Cruz, CA) overnight at 4 1C. After washing, the sections were
incubated with Alexa 594–conjugated anti-rabbit or mouse IgG
secondary antibodies. For co-immunostaining of IP3R3 with
cytokeratin 6, the sections were further incubated with the rabbit
antibodies for cytokeratin 6 antibody (ab24646; Abcam, Cambridge,
MA), which were labeled with Alexa Fluor 488 using the
Zenon Alexa Fluor 488 Rabbit IgG labeling kit (Molecular Probes,
Eugene, OR). After washing, the sections were postfixed with 4%
paraformaldehyde/PBS and mounted with Vectashield (Vector
Laboratories, Burlingame, CA).
Immunoblotting
Primary keratinocytes cultured for 5 days were solubilized with
SDS-sampling buffer and boiled for 5minutes. The protein samples
were separated by 6.5% SDS-polyacrylamide gel electrophoresis
and probed with the indicated primary antibodies. The antibodies
were used at the following concentrations: Pan-IP3R (rabbit,
0.7 mgml1 (Hattori et al., 2004)), anti-IP3R1 (rat, 1/100, culture
supernatant of 18A10 hybridoma (Maeda et al., 1988)), anti-IP3R2
(mouse, 1.0mgml1, KM1083 (Sugiyama et al., 1994)), anti-IP3R3 (mouse,
1.0 mgml1, BD Biosciences, Sparks, MD), and anti-Keratin5 (rabbit,
1.0 mgml1, Babco, Richmond, CA).
BrdU labeling
For BrdU-labeling experiments, P30 mice were intraperitoneally
injected with 50mg g1 body weight of BrdU (Roche Diagnostics) in
PBS, and skin samples were taken after 2 hours. These samples were
fixed in 4% formaldehyde in PBS and embedded in paraffin. BrdU-
labeled cells were detected using the BrdU In-Situ Detection Kit (BD
Biosciences) according to the manufacturer’s instructions.
Electron microscopy
Mice (P35) were anesthetized by intraperitoneal injection
with sodium pentobarbital (30mg kg1 body weight) and then
fixed by transcardial perfusion with a mixture of 2.5% glutaralde-
hyde and 0.5% paraformaldehyde buffered at pH 7.3 with 0.1 M
cacodylate. Thoracic back skin was removed, immersed in the
same fixative overnight, and cut into squares, measuring 2mm on
each side.
For SEM observations, the tissue pieces were postfixed in 1%
tannic acid for 1 hour, followed by treatment with 1% OsO4 for
1 hour. The osmicated tissue blocks were dehydrated through a
series of ethanol solutions, transferred to isoamyl acetate, frozen in
liquid nitrogen, and fractured by mechanical impact. The fractured
specimens were returned to the isoamyl acetate solution, critical
point–dried using liquid CO2, coated with osmium in a plasma
osmium coater, and examined in an H-4500 scanning electron
microscope (Hitachi, Tokyo, Japan) at an acceleration voltage of
10 kV.
For transmission electron microscopy observations, the aldehyde-
fixed specimens were postfixed in 1% OsO4 for 2 hours, dehydrated
with ethanol, and embedded in Epon-812. Ultrathin sections
were examined in a Hitachi H-7100 transmission electron micro-
scope (Hitachi) after double staining with uranyl acetate and lead
citrate.
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